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A comprehensive palaeogeographic reconstruction of ice sheets and related proglacial lake systems for
the older Saalian glaciation in northern central Europe is presented, which is based on the integration of
palaeo-ice ﬂow data, till provenance, facies analysis, geomorphology and new luminescence ages of ice-
marginal deposits. Three major ice advances with different ice-advance directions and source areas are
indicated by palaeo-ice ﬂow directions and till provenance. The ﬁrst ice advance was characterised by a
southwards directed ice ﬂow and a dominance of clasts derived from southern Sweden. The second ice
advance was initially characterised by an ice ﬂow towards the southwest. Clasts are mainly derived from
southern and central Sweden. The latest stage in the study area (third ice advance) was characterised by
ice streaming (Hondsrug ice stream) in the west and a re-advance in the east. Clasts of this stage are
mainly derived from eastern Fennoscandia. Numerical ages for the ﬁrst ice advance are sparse, but may
indicate a correlation with MIS 8 or early MIS 6. New pIRIR290 luminescence ages of ice-marginal deposits
attributed to the second ice advance range from 175 ± 10 to 156 ± 24 ka and correlate with MIS 6.
The ice sheets repeatedly blocked the main river-drainage pathways and led to the formation of
extensive ice-dammed lakes. The formation of proglacial lakes was mainly controlled by ice-damming of
river valleys and major bedrock spillways; therefore the lake levels and extends were very similar
throughout the repeated ice advances. During deglaciation the lakes commonly increased in size and
eventually drained successively towards the west and northwest into the Lower Rhine Embayment and
the North Sea. Catastrophic lake-drainage events occurred when large overspill channels were suddenly
opened. Ice-streaming at the end of the older Saalian glaciation was probably triggered by major lake-
drainage events.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
During the Middle Pleistocene Saalian glaciation several ad-
vances of the Fennoscandian ice sheets reached far into northern
central Europe (Fig. 1). Despite the long research history, the corre-
lation between the different stages of ice-sheet advance and decay
still remains problematic (cf., Ehlers et al., 2004, 2011; B€ose et al.,
2012; Lee et al., 2012) and numerical age constraints are sparse.
Threemajor Saalian ice advanceswith several sub-phases areknown
from northern Germany (Eissmann, 2002; Litt et al., 2007; Ehlers
et al., 2011; Stephan, 2014). These repeated ice advances of theng).
Ltd. This is an open access article uMiddle Pleistocene Saalian glaciation are generally correlated with
MIS 6 and are referred to as Drenthe and Warthe ice advances (Litt
et al., 2007; Ehlers et al., 2011). However, there is increasing evi-
dence of an extensive earlier Saalian ice advance duringMIS 8 (Beets
et al., 2005; Kars et al., 2012; Roskosch et al., 2015).
Along the Middle Pleistocene Saalian ice-sheets numerous ice-
dammed lakes formed in the southern North Sea basin (Gibbard,
2007; Busschers et al., 2008; Cohen et al., 2014, 2017), the
Netherlands (Beets and Beets, 2003; Busschers et al., 2008; Laban
and van der Meer, 2011), Germany (Eissmann, 1975, 2002;
Gassert, 1975; Thome, 1983; Klostermann, 1992; Junge, 1998;
Winsemann et al., 2003, 2004, 2007a, b, 2009, 2011a, b, 2016;
Meinsen et al., 2011) and Poland (Marks, 2011; Salamon et al.,
2013; Marks et al., 2016). However, the size and volume of manynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Overview map, showing the maximum extent of the Middle and Late Pleistocene ice advances. Ice margins are based on Ehlers et al. (2011), Winsemann et al. (2011b) and
Moreau et al. (2012).
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constructions were based on lake-bottom sediments only (Junge,
1998; Eissmann, 2002).
Ice-dammed lakes interact with the dynamics of ice sheets,
meltwater and sediments and exert an important control on ice-
sheet dynamics by accelerating the ice ﬂow and the loss of ice
mass (Stokes and Clark, 2004; Winsborrow et al., 2010; Carrivick
and Tweed, 2013; Perkins and Brennand, 2015; Sejrup et al.,
2016). Ice streams may be triggered by the effects of proglacial
lakes on glacier dynamics (Stokes and Clark, 2003, 2004; Meinsen
et al., 2011; Winsemann et al., 2011b). The opening of outlets dur-
ing ice retreat may cause glacial lake-outburst ﬂoods, which have
an enormous impact on the subsequent landscape and drainage
evolution (Baker, 1973; Gibbard, 2007; Gupta et al., 2007, 2017;
Meinsen et al., 2011; Carling, 2013; Collier et al., 2015;
Winsemann et al., 2016). The removal of large ice-masses during
glacial lake-outburst ﬂoods will further destabilise the ice margin,
trigger local re-advances and ﬁnally contribute to the decay of an
ice sheet (Stokes and Clark, 2004; Meinsen et al., 2011; Winsemann
et al., 2011b; Sejrup et al., 2016).
The aim of this study is to provide a comprehensive palae-
ogeographic reconstruction of the spatio-temporal evolution of ice
advances, ice-margin conﬁgurations and ice-dammed lake systems
along the southwestern margin of the Middle Pleistocene Saalian
Fennoscandian ice sheets. New and previously published numerical
ages are integrated with data on palaeo-ice ﬂow directions and till
provenance. The extent and evolution of ice-dammed lakes is based
on a detailed facies analysis of ice-marginal deposits, the mapping
of ﬁne-grained lake bottom sediments and the mapping of lake-
overspill channels.2. Regional setting
The study area stretches along the former southwestern marginof the Middle Pleistocene Fennoscandian ice sheets (Fig. 1), where
the river valleys of the Central German Uplands pass northwards
into the low-relief area of the North German Lowlands. The terrain
of the Central German Uplands is characterised by up to 400m high
bedrock ridges and relatively steep river valleys. Extensive low
relief areas are formed by the Lower Rhine Embayment and the
Münsterland Embayment in the west and the Halle-Leipzig low-
land area in the east. Most of these bedrock ridges trend WNW to
ESE and comprise Mesozoic or Palaeozoic rocks. A distinct west-
east division of the study area is caused by the NWN to ESE
trending Palaeozoic rocks of the Harz Mountains. The river courses
are mainly directed towards the northwest (Fig. 2).
The study area has been affected by multiple ice advances dur-
ing both the Elsterian and Saalian glaciations. From the Elsterian
glaciation two major ice advances are known, which advanced to
approximately the same maximum position (Eissmann, 1975, 1994,
1997, 2002; Litt et al., 2007; Ehlers et al., 2011; Roskosch et al.,
2015). These ice advances probably occurred during MIS 12 and
MIS 10 (Gibbard and Cohen, 2008; Litt et al., 2008; Ehlers et al.,
2011; B€ose et al., 2012; Lang et al., 2012; Lee et al., 2012;
Roskosch et al., 2015). The Saalian Complex in northern central
Europe spans MIS 8 to MIS 6 (Fig. 3; Litt et al., 2008). The maximum
extent of the Saalian ice cover was reached during the older Saalian
glaciation, while the middle and younger Saalian glaciations had
lesser maximum extents (Fig. 1; Ehlers et al., 2011). The older
Saalian glaciation is commonly referred to as the Drenthe ice
advance, while the middle and younger Saalian glaciations are
referred to as Warthe ice advances (Litt et al., 2007; Ehlers et al.,
2011; Laban and van der Meer, 2011), although the middle Saa-
lian ice advance is locally also referred to as the younger Drenthe
ice advance (Hoffmann and Meyer, 1997; Meyer, 2005).
The Saalian glacigenic deposits include subglacial tills, coarse-
grained meltwater deposits and ﬁne-grained lake-bottom sedi-
ments. Beyond the limits of glacigenic deposition the glaciations
Fig. 2. Overview map of the study area, showing all locations mentioned in the text. White stars indicate the sampling locations for luminescence dating. White circles indicate the
locations of numerical ages from previous studies.
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cesses (e.g., Eissmann, 2002; Litt et al., 2007; Winsemann et al.,
2015). In lowland areas the regional lithostratigraphic framework
is commonly well established due to the vertical stacking of de-
posits, where tills, lake-bottom sediments and ﬂuvial deposits form
laterally extensive lithostratigraphic markers (Caspers et al., 1995;
Eissmann, 2002). In upland areas, where the preservation of gla-
cigenic deposits is more patchy and coarse-grained glacilacustrine
ice-marginal deposits form rather isolated sediment bodies
(Winsemann et al., 2003, 2004, 2007a, b, 2009, 2011a, b), the cor-
relation is more challenging. Numerical dating in combinationwith
a detailed facies analysis has shown that such isolated sediment
bodies may include deposits of two different ice advances
(Roskosch et al., 2015).
Many previous studies concur with the presence of two to three
ice advances during the older Saalian glaciation (Lüttig, 1954, 1960;
Eissmann, 1975, 2002; Skupin et al., 1993, 2003). However, the
duration and extent of these ice advances is disputed and they have
commonly been attributed to ice-front oscillations or changes in
ice-ﬂow direction (Meyer, 2005; Litt et al., 2007).
In the western part of the study area three older Saalian ice
advances are distinguished by till provenances and ice-advance
directions (Skupin et al., 1993, 2003; Skupin and Zandstra, 2010).
Only few sites exist in the Münsterland Embayment, where verti-
cally stacked tills of these different older Saalian ice advances have
been described (Skupin et al., 1993, 2010; Saloustros and Speetzen,
1999). From the Weser and Leine valleys, Lüttig (1954, 1960)
described two older Saalian ice advances, which each deposited a
basal till, referred to as the Alfeld and Freden phases. These tills are
separated by an erosional unconformity and the lower till (Alfeld
phase) displays evidence of weathering and soil formation (Lüttig,
1960).
Probably the most complete record of theMiddle Pleistocene ice
advances was preserved in the lowland area around Halle andLeipzig, where up to two Elsterian and three older Saalian tills are
vertically stacked (Fig. 3; Eissmann, 2002). All these tills are sepa-
rated by ﬁne-grained glacilacustrine deposits, indicating the
repeated formation of proglacial lakes during the advance,
maximum extent and retreat of the Elsterian and Saalian ice sheets
(Eissmann, 1975, 1994, 2002; Junge, 1998; Junge et al., 1999). The
lower Saalian till relates to the more extensive Zeitz phase and the
upper two tills to the less extensive Leipzig phase (Fig. 3; Eissmann,
1994, 2002). The local occurrence of ﬂuvial deposits and wide-
spread cryoturbation features in lake-bottom deposits between the
tills of the Zeitz and the Leipzig phases (Eissmann, 1975, 2002;
Junge et al., 1999) may indicate a longer exposure and the corre-
lation of the Zeitz phase with an early Saalian ice advance.
In spite of the different ice-advance directions and till prove-
nance all ice advances of the Saalian glaciation are correlated with
MIS 6 (Lambeck et al., 2006; Busschers et al., 2008; Ehlers et al.,
2011; B€ose et al., 2012; Lee et al., 2012). This correlation with MIS
6 is commonly based on overlying or underlying non-glacial de-
posits. Numerical ages determined in modern studies (conducted
during the last 15 years) of the Drenthe ice advance are yet sparse
(Busschers et al., 2008; Krbetschek et al., 2008; Roskosch et al.,
2015; Winsemann et al., 2015, 2016) and range from 196 ± 19 ka
to 153 ± 7 ka. The available older age estimates for glacigenic de-
posits (Krbetschek and Stolz, 1994; Preusser, 1999; Fehrentz and
Radke, 2001) range from 150 ± 21 ka to 199 ± 19 ka. However,
there is also growing evidence for an earlier Saalian ice advance
during MIS 8 or early MIS 6, which occurred between 254 ± 36 and
214 ± 32 ka and reached the southern North Sea, the Netherlands
and northwestern Germany (Beets et al., 2005; Meijer and
Cleveringa, 2009; Kars et al., 2012; Roskosch et al., 2015).
The subsequent ice advances of the middle and younger Saalian
glaciation (Warthe) terminated at the northeastern margin of the
study area (Fig. 1; Ehlers, 1990; Meyer, 2005; Ehlers et al., 2011).
Luminescence dating of deposits of the Warthe ice advance from
Fig. 3. Stratigraphic chart for the Middle Pleistocene Saalian complex in northern central Europe, summarising lithostratigraphic units, ice-dammed lake evolution and numerical
ages.
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(Lüthgens et al., 2010; Kenzler et al., 2017).
3. Database and methodology
The palaeogeographic reconstruction of ice advances and pro-
glacial lakes draws on the evaluation of an extensive database of
previous regional lithostratigraphic studies, geological maps
(1:25,000, 1:50,000, 1:100,000), borehole logs and outcrops. The
relevant information includes mapped ice-marginal deposits, the
distribution of glacigenic deposits, data on ice-advance directions
and till provenance. The available geological information was in-
tegrated in a geographical information system (Esri ArcGIS, Version
10.3). Optically-stimulated luminescence (pIRIR290) dating of feld-
spar grains was applied to get numerical ages for the studied de-
posits at selected locations.
3.1. Reconstruction of ice advances
The different ice advances into the study area were recon-
structed based on ice-marginal deposits, indicators of the ice-
advance direction and till provenance.
3.1.1. Palaeo-ice marginal positions
Palaeo-ice marginal positions have been mapped across the
study area and include bodies of meltwater deposits, as sandurs,
glaciﬂuvial deltas and subaqueous ice-contact fans and push and
dump moraines. Most mapped ice-marginal positions relate to themaximum ice-sheet extent or stillstand positions during ice-
margin retreat (Eissmann, 1975, 1997, 2002; Van der Wateren,
1987; Feldmann, 1997; Reinecke, 2006; Winsemann et al., 2007a,
b, 2009; 2011b; Meng and Wansa, 2008; Skupin and Zandstra,
2010). Prominent morainal ridges may exceed the surrounding
lowlands by 10e80 m. Some morainal ridges display a high lateral
continuity and can be traced for more than 50 km, while others
form laterally discontinuous isolated ridges. The connection of
separated morainal ridges to reconstruct the palaeo-ice margins
has been a matter of debate (cf., Eissmann, 1997, 2002; B€ose et al.,
2012). However, the mapped morainal ridges provide a relatively
coherent picture of the palaeo-ice margins during the more pro-
nounced phases of stillstands during overall ice-margin retreat.3.1.2. Ice-ﬂow indicators and till provenance
An extensive database of regional studies provides data on the
palaeo-ice ﬂow direction and till provenance. Reconstructions of
the ice-ﬂow direction are based on clast alignment within tills,
glacitectonic deformation structures at various scales, glacial stri-
ations and mega-scale glacial lineation. Mega-scale glacial linea-
tions were mapped from digital elevation models (grid ~30 m,
vertical accuracy ~3 m (EU-DEM) and grid ~10 m, vertical
accuracy± 0.5m (Bezirksregierung K€oln)) of thewestern part of the
study area. In some areas, several generations of mega-scale glacial
lineations could be identiﬁed based on cross-cutting relationship,
following the criteria established by Clark (1993) and Boulton et al.
(2001). Comprehensive maps of palaeo-ice ﬂow directions for parts
of the study area have previously been published by Eissmann
J. Lang et al. / Quaternary Science Reviews 180 (2018) 240e259244(1975), Ehlers and Stephan (1983, 1990), van den Berg and Beets
(1987), Zandstra (1987), H€oﬂe (1991), Skupin et al. (1993) and
Skupin and Zandstra (2010).
The provenance of clasts within tills and other glacigenic de-
posits has long been used to distinguish between deposits of the
different ice advances. These studies rely on the identiﬁcation of
indicator pebbles from source areas in Fennoscandia or the Baltic
region. For the western part of the study area comprehensive maps
of the clast provenance are provided by Zandstra (1987), Skupin
et al. (1993), Speetzen and Zandstra (2009) and Skupin and
Zandstra (2010). For the eastern part of the study area such
comprehensive maps are lacking; however, a number of studies,
containing clast-provenance data, exist (e.g., Eissmann, 1975, 1994,
1997; Hoffmann and Meyer, 1997). Additional clast-provenance
data from across the study area from Lüttig (1954, 1958) and
Winter (1998) were included in the database.
3.2. Reconstruction of ice-dammed lakes
The reconstruction of ice-dammed lakes is based on the map-
ping of glacilacustrine deposits, lake-overspill channels and the
identiﬁcation of potential damming locations (cf., LaRocque et al.,
2003; Stokes and Clark, 2004; Winsemann et al., 2009, 2011a, b;
Perkins and Brennand, 2015; Brouard et al., 2016; Gorlach et al.,
2017). In outcrop, sedimentary sections were logged in detail and
the large-scale facies architecture was mapped from photo panels.
Glacilacustrine deposits in the study area include ice-contact deltas
and subaqueous ice-contact fans, ﬂuvial and glaciﬂuvial deltas
(Table 1) and ﬁne-grained lake-bottom deposits (Table 2).
Ice-contact deltas are deposited by meltwater streams dis-
charging directly from the ice-margin into the lake, while glaci-
ﬂuvial deltas are characterised by a delta plain, separating the ice
margin and the lake (Hambrey,1995; Lønne,1995). If preserved, theTable 1
Overview of the coarse-grained glacilacustrine sediment bodies identiﬁed in the study a
Lake system Name Number
on map
Ice advance Interpretation
Weser Lake
Markendorf 1 2nd Glaciﬂuvial delta
Porta 2 1st Subaqueous ice-contact
fan/Glaciﬂuvial delta
Emme 3 2nd Glaciﬂuvial delta
Coppenbrügge 4 1st Subaqueous fan/Delta
Leine Lake
Freden 5 1st and 2nd Glaciﬂuvial delta
Bornhausen 6 1st Glaciﬂuvial delta
Wallmoden 7 1st Glaciﬂuvial delta
Subhercynian Lake
Wasserleben 8 ? Glaciﬂuvial delta
Zilly 9 ? Glaciﬂuvial delta
Warnstedt 10 ? Glaciﬂuvial delta
Badeborn 11 ? Glaciﬂuvial delta
Str€obeck 12 ? Subaqueous ice-contact
fan (mid-fan to distal fan depos
Derenburg 13 ? Subaqueous ice-contact
fan (mid-fan to distal fan depos
Saale-Unstrut Lake
Zeuchfeld 14 1st Glaciﬂuvial delta
Karsdorf 15 2nd Glaciﬂuvial delta
Schmon 16 ? Glaciﬂuvial delta
Halle-Leipzig Lake
Niederwünsch 17 ? Glaciﬂuvial delta
Grobsteinberg 18 2nd Glaciﬂuvial delta
Sachsendorf 19 2nd Glaciﬂuvial delta
Mulde Lake
Grobbothen 20 1st Glaciﬂuvial deltaforeset-topset transition represents a reliable indicator for the
palaeo-lake level and the reconstruction of ice-dammed lakes
(Winsemann et al., 2011a; Perkins and Brennand, 2015). Fluvial
deltas may form in high-relief settings, where tributary rivers enter
the valley of their trunk river.
Subaqueous ice-contact fans are deposited by sediment-laden
meltwater discharging from subglacial conduits. Providing sufﬁ-
cient sediment supply and time, a subaqueous fan may aggrade to
the lake surface and evolve into a delta (Powell, 1990; Lønne, 1995;
Winsemann et al., 2009). Fine-grained glacilacustrine or lake-
bottom deposits are widespread in the study area and comprise
massive clay, planar-parallel laminated and ripple cross-laminated
silt and ﬁne-grained sand (Junge, 1998; Junge et al., 1999;
Winsemann et al., 2009, 2011b). Fine-grained glacilacustrine de-
posits aremainly derived from suspension fall-out andwaning low-
density turbidity currents in ice-distal settings (Hambrey, 1995).
Deposits of subaqueous ice-contact fans and ﬁne-grained lake-
bottom deposits will provide an underestimation of the palaeo-
water plane (Winsemann et al., 2009, 2011b; Perkins and
Brennand, 2015).
Potential damming locations and lake overspills are identiﬁed
from the digital elevation model. Lake spillways are commonly
characterised by deep v-shaped gorges incised into bedrock ridges
(Thome, 1983; Kehew and Lord, 1986; LaRocque et al., 2003;
Meinsen et al., 2011; Perkins and Brennand, 2015; Winsemann
et al., 2016). In front of the overspills features as trench-like
channels, isolated scours, streamlined hills and thick fan-shaped
accumulations of meltwater deposits are indicative of high dis-
charges during lake-outburst ﬂoods (Baker, 1973; Carling et al.,
2009a, b; Meinsen et al., 2011; Winsemann et al., 2016). The
elevation of lake spillways represents an underestimation of the
lake level due incision during overspill or lake-outburst ﬂoods
(LaRocque et al., 2003; Perkins and Brennand, 2015).rea.
Elevation (m a.s.l.) Reference for description
Base Top
100 125 Skupin et al., 2003
70 130 Hornung et al., 2007; Winsemann et al., 2007a, 2011b
95 165 Winsemann et al., 2004, 2011a
90 170 Winsemann et al., 2003, 2004, 2007a, 2011b
110 185 Winsemann et al., 2007b, 2011b; Roskosch et al., 2015
160 190 Winsemann et al., 2007b, 2011b
165 180 Feldmann and Meyer, 1998
? 176 Reinecke, 2006
? 180 Reinecke, 2006
? 192 Reinecke, 2006
160 175 Reinecke, 2006
its)
150 180 Reinecke, 2006
its)
? 165 Reinecke, 2006
105 195 Ruske, 1961; Eissmann, 2002; Meng and Wansa, 2008
125 140 Meng and Wansa, 2008
173 188 Gassert, 1975; Schuberth and Radzinski, 2014
130 150 Meng and Wansa, 2008
130 155 e
135 170 e
150 175 Eissmann and Müller, 1994
Table 2
Overview of ﬁne-grained lake-bottom deposits described in the study area.
Lake system Stage of ice
advance
Elevation (m
a.s.l.)
Thickness (m) Reference
Northwestern Germany
Weser Lake Maximum/retreat 55e180 0.5e20 Junge, 1998; Winsemann et al., 2009, 2011b
Leine Lake Maximum/retreat 80e190 0.1e20 Winsemann et al., 2007b, 2011b
Harz Mountains and Subhercynain Basin
Harz Lakes (several small river valleys) Maximum 130e320 1e8 Pilger et al., 1991; Reinecke, 2006
Central and eastern Germany
Saale-Unstrut Lake Maximum/retreat 123e200 0.2e9.5 Ruske and Wünsche, 1964; Junge, 1998
Pleibe Lake Maximum 125e175 0.1e0.5 Junge, 1998
Mulde Lake Maximum 148e190 0.1e3 (max.
15)
Junge, 1998
Elbe Lake Maximum 110e222 0.4e5 Wolf et al., 1994; Junge, 1998; Eissmann, 2002; Huhle, 2015
Elbe Lake Retreat 100e170 0.5e3 Grahmann and Kossmat, 1927; Grahmann, 1929; H€artel, 1941
Halle-Leipzig Lake ("B€ohlen-Lochau
clay")
Advance/
maximum
95e150 0.2e0.7 Eissmann, 1975, 1997, 2002; Junge, 1998
Halle-Leipzig Lake ("Bruckdorf clay") Retreat 79e155 0.5e5 Grahmann, 1925; Bettenstaedt, 1934; Schulz, 1962;
Mahenke and Grosse, 1970; Eissmann, 1975; Junge, 1998; Junge et al.,
1999
Halle-Leipzig Lake ("Bruckdorf clay") Advance/
maximum
100e120 0.5e11 Eissmann, 1975, 1997, 2002; Junge, 1998; Junge et al., 1999
Halle-Leipzig Lake ("Breitenfeld clay") Advance/
maximum
120e135 0.2e3 Eissmann, 1975
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A geographical information system was used to compile all
identiﬁed glacilacustrine deposits, overspills and possible drainage
pathways. Extends and volumes of the ice-dammed lakes were
reconstructed in ArcGIS and are based on a digital elevation model
(resolution ~30 m, vertical accuracy ~3 m; EU-DEM). After the
identiﬁcation of the lake-level and the dam location, the ice-margin
responsible for the damming and contour line corresponding to the
elevation of the lake level were intersected and extracted to obtain
the outline and the area of the lake. The lake volumewas calculated
using the ArcGIS 3D analyst toolbox, which allows calculating the
volume enveloped by the digital elevation model and an inter-
secting horizontal plane. Similar workﬂows have previously been
applied by LaRocque et al. (2003), Stokes and Clark (2004),
Winsemann et al. (2007a, b, 2009, 2011b, 2016), Perkins and
Brennand (2015), Brouard et al. (2016) and Gorlach et al. (2017).
3.3. Optically-stimulated luminescence dating
3.3.1. Sampling and sample preparation
Samples for optically-stimulated luminescence dating (OSL)
were collected from different locations (Fig. 2), using light tight
steel tubes. Unfortunately, many pits have been reﬁlled and sam-
pling was no longer possible. Samples for gamma spectrometry
were taken at equal position as the samples for OSL dating. Sample
preparation and measurement for OSL dating was applied in the
luminescence-dating laboratory of the Department of Human
Evolution, Max Planck Institute for Evolutionary Anthropology,
Leipzig. Sample preparation was conducted under subdued red
light. The dried material was ﬁrst sieved to obtain the preferred
grain-size fraction (180e250 mm). The chemical treatment included
a removal of carbonates by digestion in HCl, and of organic matter
by digestion in H2O2. To extract K-feldspar among minerals, density
separation was used to remove heavy minerals and quartz using
lithium heterotungstate.
Finally, the sample material was mounted on steel discs (ali-
quots) using silicon spray. Equivalent dose (De) measurements
were undertaken using automated Risø TL-DA-20 reader equipped
with IR light-emitting diodes transmitting at 870 nm (145 mW/
cm2). Irradiation was provided by a calibrated 90Sr/90Y beta source
with a dose-rate of ~0.24 Gy/s. The signal was detected through a D-410 ﬁlter (Chroma Technology Corp., Bellows Falls, USA), allowing
detection in the blue-violet wavelength range.
3.3.2. Dose rate
Dose rates were determined based on high-resolution germa-
nium gamma spectrometric analysis of the radioactivities of ura-
nium, thorium, potassium and their daughter isotopes, undertaken
on the bulk sediment samples at the “Felsenkeller” laboratory
(VKTA) in Dresden (Tables 3 and 4). Dose rate attenuation by
moisture was accounted for using water content values of 10 ± 10%.
Such a high uncertainty was chosen to account for the potential
variation of water content during the length of burial. The cosmic
ray component of the dose rate was calculated based on Prescott
and Hutton (1994). The internal potassium content was assumed
to be at 12.5 ± 0.5% (Huntley and Baril, 1997). Dose-rate conversion
factors were taken from Guerin and Mercier (2011). To account for
alpha efﬁciency an a-value of 0.11 ± 0.02 was used (e.g., Kreutzer
et al., 2014b). Table 3 gives an overview on the obtained nuclide
concentrations and the total dose rates.
3.3.3. Equivalent dose estimation
K-feldspar was chosen for luminescence dating of the investi-
gated sites as it saturates at much higher doses than quartz (e.g.,
Roskosch et al., 2015) and therefore provides the possibility to date
back several 100 ka. Nevertheless, the feldspar luminescence signal
measured at lower temperatures (e.g., 50 C) is mostly affected by
anomalous fading (Wintle, 1973), causing age underestimation if
not accounting for it.
Fading corrections for feldspar grains, yielding luminescence
signals plotting beyond the linear part of the dose-response curve,
are problematic (Huntley and Lamothe, 2001; Kars et al., 2008).
Therefore, methodological research on feldspar-luminescence
dating within the last decade concentrated on stimulating lumi-
nescence from electron traps, which are not or only to a negligible
part affected by fading (e.g., Buylaert et al., 2009; Thiel et al., 2011;
Lauer et al., 2012; Frouin et al., 2017).
It was demonstrated that reliable feldspar luminescence ages
can be obtained by stimulating the feldspar signal at elevated
temperatures after depleting the IR50-signal (Thomsen et al., 2008).
For those so called pIRIR signal fading rates are very low or even
non-detectable. Especially for the pIRIR290 dating approach, very
Table 3
Nuclide concentrations, cosmic dose rate and calculated total dose rate (DRtotal).
Sample Code Lab.- ID U (ppm) Th (ppm) K (%) Cosmic Dose (Gy/ka) DRtotal (Gy/ka)
Ma-1-16 1542 0.80 ± 0.15 2.19 ± 0.16 1.16 ± 0.10 0.10 ± 0.01 1.99 ± 0.16
Fe-1-16 1546 1.18 ± 0.20 3.81 ± 0.26 0.90 ± 0.08 0.17 ± 0.02 2.01 ± 0.21
Fe-2-16 1547 1.33 ± 0.22 4.18 ± 0.29 1.00 ± 0.09 0.17 ± 0.02 2.16 ± 0.21
Kar-U 1550 1.61 ± 0.28 6.16 ± 0.40 2.57 ± 0.21 0.12 ± 0.01 3.71 ± 0.21
GS-1-17 1606 0.77 ± 0.21 2.55 ± 0.18 1.49 ± 0.11 0.17 ± 0.02 2.37 ± 0.22
Table 4
Summary of the luminescence dating results. The equivalent dose values (De) are based on the pIRIR290 dating approach andwere calculated using the central agemodel (CAM)
as well as the median. For sample Fe-2-16, additionally the minimum age model (MAM3; Galbraith et al., 1999) was used because of the high overdispersion of De-values. The
MAM3 De-value is at 335.5 ± 41 Gy. Dose rates (DR) were obtained using high resolution gamma spectrometry (OD: Overdispersion; Nr. al: Number of aliquots fulﬁlling the
acceptance criteria; DR ratio: measured-to-given dose ratio from dose-recovery test).
Sample Code Lab.- ID De (Gy); CAM De (Gy); median Age (ka); CAM Age (ka); Median Age (ka); MAM3 OD % Nr. al G-value (pIRIR290) DR ratio
Ma-1-16 1542 332 ± 18 312 ± 20 167 ± 16 157 ± 16 e 26 20 1.5 ± 0.4 1.08 ± 0.05
Fe-1-16 1546 373 ± 26 344 ± 21 185 ± 23 171 ± 21 e 25 16 e e
Fe-2-16 1547 449 ± 32 435 ± 36 208 ± 25 201 ± 26 156 ± 24 30 24 e e
Kar-U 1550 657 ± 10 650 ± 10 177 ± 10 175 ± 10 e 8 23 e 1.17 ± 0.06
GS-1-17 1606 418 ± 23 409 ± 23 176 ± 19 173 ± 19 e 24 20 e e
Fig. 4. Decay curves (IR50 and pIRIR290) obtained from sample Ma-1-16.
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probably not necessary.
Nevertheless, it was also highlighted that feldspar signals
measured at elevated temperatures are characterised by a hard to
bleach luminescence component (e.g., Kars et al., 2012; Buylaert
et al., 2012; Colarossi et al., 2015), which might cause age over-
estimation if partly insufﬁcient bleached deposits are dated. Li and
Li (2011) demonstrated that the bleachability decreases with
increasing stimulation temperature.
In this study we applied the pIRIR290 approach following the
measurement-procedure as outlined by Thiel et al. (2011). The K-
feldspar IRSL signal is ﬁrst measured at 50 C followed by the
detection of the pIRIR-signal at 290 C (Table 4; Fig. 4). For age
calculation the 290 C signals were used, which are characterised
by high signal-stability and fading corrections are thus not
mandatory anymore (Buylaert et al., 2012). To create a dose
response-curve four regenerative dose points were given after
measuring the natural IRSL-signal (Lx/Tx). At the end of each pIRIR
SAR-cycle, the recycling ratio was determined, hence, the ﬁrst dose
point was re-measured and subsequently all aliquots showing
recycling ratios deviating >10% from unity were rejected. Further-
more, only aliquots for which a recuperation of <5% was observed
were used for De-calculation.
To address the effect of insufﬁcient bleaching wemeasured very
small aliquots (1 mm average), hosting only a few K-feldspar grains
per disc. Hence, scatter among the equivalent dose distribution can
be outlined and outliers in the upper De-range can be excluded
from age-calculations.
Nevertheless, we are aware of the fact that the here presented
luminescence-age estimates have to be discussed in terms of po-
tential age overestimation. Dose residuals surely effect the age
calculation but for Middle Pleistocene samples hosting mean-
equivalent doses above 300 Gy, the percentage of residuals
among the total equivalent dose might be rather small.3.3.4. Dose recovery tests
The applied pIRIR290-protocol was tested on its resilience by
applying dose-recovery tests on samples Ma-1-16 and Kar-U.
Six aliquots were bleached for 2 h under a solar-lamp. In a next
step, equivalent dose residuals were measured. The remaining
three aliquots were beta-irradiated with a well-known dose whichwas selected be close to the natural dose and it was tested on how
precise the pIRIR290-protocol can recover the inserted dose.
The residual-subtracted measured-to-given dose ratios are at
1.08 ± 0.05 for sample Ma-1-16 and at 1.17 ± 0.06 for sample Kar-U
(Table 4). Hence, the dose-recovery result obtained from sample
Ma-1-16 is deviating <10% from unity whereas the given dose from
sample Kar-U is more clearly overestimated. That potential meth-
odological uncertainty has to be kept in mind when discussing the
here presented pIRIR290 luminescence dating results. The obtained
dose-residuals illustrate the lower bleachabilty of the pIRIR290-
signal compared to the IR50-signal. The pIRIR290 residuals measured
after 2 h of solar-lamp exposure are at 37.5 ± 2.7 Gy (sample Ma-1-
16) and 40.8± 2.0 Gy (sample Kar-U), whereas the IR50 residuals are
only at 9.4 ± 0.5 Gy and 11.3 ± 0.5 Gy, respectively.3.3.5. Fading
Even if pIRIR290 feldspar signals are not or only to a negligible
part effected by anomalous fading (Buylaert et al., 2012), it is rec-
ommended to quantify the potential signal loss for the pIRIR-
signals. For sample Ma-1-16 fading measurements based on
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measured on six aliquots. The pIRIR290 mean g-value is at 1.5 ± 0.4
(Ma-1-16), illustrating the high signal stability of the pIRIR290
signal. The IR50 g-value shows a signiﬁcantly higher signal-loss and
is at 4.0 ± 0.8.3.3.6. Equivalent dose distribution and luminescence-age estimates
The obtained De-distributions show that insufﬁcient bleaching
should be taken into account (Fig. 5). However, the De-
overdispersions of mostly <30% illustrates that dose residuals
should have no signiﬁcant impact on ﬁnal De-values, except for
sample Fe-2-16 yielding an overdispersion of 30%. To exclude sig-
niﬁcant outliers within the De-data set, the Central Age Model
(CAM; Galbraith et al., 1999) was applied. Additionally, the median
De-value was calculated for each sample. Only for sample Fe-2-16
the Minimum Age Model (MAM3; Galbraith et al., 1999) was used
for De-determination (Fig. 5).4. Results
The integration of the available data on ice-advance directions,
till provenance, ice-marginal positions, depositional systems and
numerical ages allows for the reconstruction of three main ice
advances during the older Saalian glaciation. Ice-dammed lake
formation occurred during all ice advances and was in each case
controlled by the changing ice-margin conﬁguration during ice-
sheet advance, maximum and decay. An overview of the lake
levels, extents and volumes of the different reconstructed ice-
dammed lakes is provided in Table 5.Fig. 5. De-distributions of the measured samples (blue lines: Central Age Model; red lines: M
colour in this ﬁgure legend, the reader is referred to the web version of this article.)4.1. First older Saalian ice advance
4.1.1. Ice-ﬂow directions and till provenance
The ﬁrst Saalian ice advance into the study area in most loca-
tions corresponds to the maximum extent of the Saalian glaciation.
The ice sheet extended into the eastern Netherlands, the Lower
Rhine and Münsterland Embayments, the valleys of Rivers Weser
and Leine, the northern margin of the Harz Mountains, the Halle-
Leipzig Lowland area and the valley of River Elbe (Fig. 6A). The
main ice-ﬂow direction was from north to south. Radial spreading
of the ice ﬂow occurred as the ice sheet entered the lowland areas
of the Lower Rhine, Münsterland and Halle-Leipzig Embayments
(Eissmann, 1975, 2002; Zandstra, 1987; Ehlers, 1990; Skupin et al.,
1993, 2003; Ehlers et al., 2011). Mega-scale glacial lineations
related to the ﬁrst ice advance in northwestern Germany trend
north-northwest to south-southeast (Fig. 7). In the western part of
the study area, till-provenance analyses indicate a dominance of
clasts from southern Sweden (>50%; Zandstra, 1987; Skupin et al.,
1993, 2003, 2010; Speetzen and Zandstra, 2009). In the eastern
part of the study area, till-provenance analyses point to an origin
from southern and central Sweden (Hoffmann and Meyer, 1997).
This ﬁrst Saalian ice advance corresponds to the Zeitz phase in
eastern Germany (Eissmann, 1975, 2002; Litt et al., 2007; Ehlers
et al., 2011) and the ﬁrst ice advance of the Drenthe advance
(Alfeld phase) in western Germany (Lüttig, 1954; Skupin et al.,
2003). Unfortunately, many pits exposing sediments of the ﬁrst
ice advance have already been reﬁlled.4.1.2. Numerical ages
Numerical ages from locations, which can be attributed to theedian value; green lines: Minimum Age Model). (For interpretation of the references to
Table 5
Physical characteristics of the ice-dammed lakes, reconstructed for the different ice advances and ice-margin conﬁgurations.
Lake System Ice advance Stage of ice advance Lake-level elevation (m a.s.l.) Area (km2) Volume (km3) Figure
Northwestern Germany
Münsterland Lake a 1st Maximum 350 502 45 8A
Münsterland Lake 1st Retreat 105 2580 75 8B
Münsterland Lake (south) 2nd Maximum 70 310 2 9A
Münsterland Lake (east) 2nd Maximum 170 312 11 9A
Münsterland Lake 2nd Retreat 75 1998 26 9B
Weser Lake b 1st and 2nd Maximum 200 1870 120 8A, 9A
Weser Lake 1st and 2nd Retreat 135 1123 42 8B, 9B
Weser Lake 1st and 2nd Retreat 80 293 5 8C
Leine Lake b 1st and 2nd Maximum 200 900 36 8A, 9A
Leine Lake 1st and 2nd Retreat 135 310 12 8B, 9B
Harz Mountains and Subhercynian Basin
Harz Lakes ? Maximum 300 25 1 8A, 9A
Subhercynian Lake ? Retreat 190 340 8 8B, 9B
Central and eastern Germany
Saale-Unstrut Lake 1st Maximum 190 1777 61 8A
Elster, Pleibe and Mulde Lakes 1st Maximum 190 229 4 8A
Halle-Leipzig Lake c 1st Retreat 190 3326 117 8B
Halle-Leipzig Lake c 1st Retreat 160 6245 224 8C
Halle-Leipzig Lakec 2nd Maximum 160 2235 50 9A
a Winsemann et al., 2016.
b Winsemann et al., 2011b.
c Including the valleys of the Rivers Unstrut, Saale, Elster, Pleibe and Mulde.
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estimated quartz ages of 254 ± 32 and 214 ± 36 ka and feldspar
ages of 252 ± 21 and 248 ± 22 ka in samples from meltwater de-
posits from Itterbeck in northwestern Germany. However, Kars
et al. (2012) applied a fading correction and did not evaluate po-
tential insufﬁcient bleaching and therefore, an age-overestimation
cannot be excluded. The age of meltwater deposits from the
northern margin of the Münsterland Embayment, which are over-
lain by a till of the ﬁrst older Saalian ice advance (Skupin et al.,
1993), ranges from 100 to 250 ka (Fehrentz and Radtke, 2001).
Deposits of the lower Freden delta in the Leine valley were dated by
Roskosch et al. (2015), resulting in pIR-IR ages of 241 ± 27 and
250 ± 20 ka.
In the Unstrut valley glaciﬂuvial delta deposits at Zeuchfeld
yielded a quartz minimum age (in saturation) of 179 ± 51 ka and an
IR-RF feldspar age of 323 ± 70 ka (Kreutzer et al., 2014a) and thus
indicate that the sedimentary succession at Zeuchfeld was depos-
ited prior to MIS 6. The quartz age only yields a minimum age and
the IR-RF age might be overestimated due to insufﬁcient bleaching.
Nevertheless, an age overestimation of around 200 ka due to IR-RF
dose residuals is unlikely. An earlier deposition during the Elsterian
glaciation is unlikely, based on the regional lithostratigraphic cor-
relation (Ruske, 1961; Eissmann, 1975).
Fluvial sediments from several locations in eastern Germany,
which were deposited prior to the Saalian glaciation, were dated
using infrared radioﬂuorescence, yielding ages ranging from
306 ± 23 to 227 ± 15 ka (Krbetschek et al., 2008).
4.1.3. Formation of ice-dammed lakes during maximum ice extent
4.1.3.1. Western part of the study area (Münsterland Embayment,
Weser and Leine valleys, Harz Mountains). The Münsterland, Weser
and Leine Lakes attained their largest extends and volumes during
or close to the maximum ice advance (Fig. 8A). The Münsterland
Lake had a lake level of 350 m a.s.l., an extent of ~502 km2 and a
volume of ~45 km3 (Herget, 1998; Meinsen et al., 2011;Winsemann
et al., 2016). Major overspill channels were located along the
southern margin of the Münsterland Lake at elevations ranging
from 350 to 80 m a.s.l. (Thome, 1983; Herget, 1998; Winsemann
et al., 2016). Overspills, controlling the lake level of the Weser
Lake, have elevations of 205 to 80 m a.s.l. The lake level of the LeineLake was controlled by overspill elevations of 197 to 115 m a.s.l.
Lake-level highstands of the Weser and Leine Lakes of up to 200 m
a.s.l. are indicated by overspill channels, deltas and lake-bottom
sediments (Tables 1 and 2; Winsemann et al., 2003, 2004, 2007b,
2011a, b; Roskosch et al., 2015). During the lake-level highstand
of approximately 200 m a.s.l. the Weser Lake covered an area of
1870 km2 and had a volume of 120 km3, while the Leine Lake
covered an area of 900 km2 and had a volume of 36 km3
(Winsemann et al., 2011b, 2016). A connection between the Weser
Lake and the Leine Lake was established via a west-east trending
valley, if the lake levels exceeded 197 m a.s.l. (Winsemann et al.,
2007b, 2011b). At the eastern lake margin the Leine Lake received
overspilling ﬂows from lakes dammed at higher elevations in front
of the Harz Mountains, which contributed to the accumulation of
the Bornhausen delta (Winsemann et al., 2007b, 2011b).
At the northern margin of the Harz Mountains small, partly
interconnected lakes formed in the steep river valleys during the
maximum extent of the ice advance (Fig. 8A; Pilger et al., 1991;
Junge, 1998; Eissmann, 2002). Fine-grained glacilacustrine de-
posits occur at elevations between 220 and 330m a.s.l. (Pilger et al.,
1991; Junge,1998; Reinecke, 2006), providing aminimum elevation
for the lake levels. The ice margin reached elevations of 300e360m
a.s.l. (Pilger et al., 1991), indicating the maximum lake-level
elevation before overspilling. The water volumes stored in these
lakes were rather small, summing up to ~1 km3.4.1.3.2. Eastern part of the study area (Thuringian Basin, Halle-
Leipzig area and Elbe valley). In the eastern part of the study area
extensive ice-dammed lakes formed during the ice-sheet advance
and attained lake-level highstands when the ice sheet reached its
maximum extent (Fig. 8A; Eissmann, 1975, 1997, 2002). All
northwards directed drainage in this area was blocked when the
ice margin reached a WNW-ESE trending ridge of Palaeozoic
bedrock, which has an elevation of 140e230 m a.s.l. Fine-grained
lake-bottom deposits, locally known as B€ohlen-Lochau clay,
commonly underlie the basal till of the ﬁrst Saalian ice advance
(Zeitz phase) or occur within the valleys of the Rivers Unstrut,
Saale, Elster, Pleibe, Mulde and Elbe (Table 2; Junge, 1998;
Eissmann, 2002). Thick accumulations of meltwater deposits in
the valleys of the River Unstrut and Mulde, which have previously
Fig. 6. Reconstruction of the older Saalian ice advances. Ice margins are based on Eissmann (1975), Skupin et al. (1993) and Ehlers et al. (2011). Clast provenance is based on Lüttig
(1954, 1958), Eissmann (1975), Zandstra (1987), Skupin et al. (1993), Winter (1998), Speetzen and Zandstra (2009) and Skupin and Zandstra (2010). Data on palaeo-ice ﬂow di-
rections are compiled from Eissmann (1975), Ehlers and Stephan (1983, 1990), Zandstra, 1987, H€oﬂe (1991), Skupin et al. (1993) and Skupin and Zandstra (2010). A) Maximum ice-
sheet extent, clast provenance and ice-ﬂow direction of the ﬁrst older Saalian ice advance. B) Maximum ice-sheet extent, clast provenance and ice-ﬂow direction of the second older
Saalian ice advance. C) Maximum ice-sheet extent, clast provenance and ice-ﬂow direction of the third older Saalian ice advance.
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Fig. 7. Mega-scale glacial lineations mapped from the digital elevation model (EU-DEM, resolution ~30 m, vertical accuracy ~3 m) of the northwestern part of the study area. Three
generations of cross-cutting mega-scale glacial lineations can be identiﬁed, corresponding to the three older Saalian ice advances.
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1975, 2002; Eissmann and Müller, 1994; Meng and Wansa,
2008), are re-interpreted as representing glaciﬂuvial Gilbert-type
deltas, based on their typical facies architecture and their verti-
cal and lateral association with lake-bottom deposits. Lake-level
highstands of approximately 180e200 m a.s.l. are indicated by
deltas and lake-bottom sediments. A 190 m a.s.l. high lake level
corresponds to the formation of a lake with an area of ~1777 km2
and a volume of ~61 km3 in the Thuringian Basin and the Unstrut
and Saale valleys (“Saale-Unstrut Lake”). Several smaller lakes
formed in the valleys of the Rivers Elster, Pleibe and Mulde, storing
a total volume of 4 km3 of water. The existence of a large ice-
dammed lake in the Elbe valley is indicated by ﬁne-grained
lake-bottom deposits (Wolf et al., 1994).4.1.4. Ice-sheet retreat and lake drainage
4.1.4.1. Western part of the study area (Münsterland Embayment,
Weser and Leine valleys and Harz Mountains). In the Münsterland
Embayment initial ice-margin retreat caused the lake to shallowand lenghten towards the west (Meinsen et al., 2011; Winsemann
et al., 2016). The lake level of the Weser Lake was controlled by
several overspill passes in the Teutoburger Wald Mountains,
ranging in elevation between 205 and 95 m a.s.l. (Thome, 1983).
These overspills were opened and closed by an ice lobe located
north of the Teutoburger Wald Mountains (Thome, 1983;
Winsemann et al., 2007a, 2009, 2011a, b; 2016). The opening of
the overspills led to a rapid drop in lake level from ~180 to ~135 m
a.s.l. (Fig. 8B; Winsemann et al., 2011a). Subsequent opening of
overspills from the Münsterland Lake into the Ruhr and Emscher
valleys at elevations between 105 and 40 m a.s.l. let to the drainage
of 45e90 km3 of water into the Lower Rhine Embayment and
further westwards into the North Sea. Field evidence for these
outburst ﬂoods is provided by ﬂood-related deep bedrock gorges,
deltas and bars in the Ruhr valley (Thome, 1983; Winsemann et al.,
2016). In the Münsterland Embayment outburst-ﬂood deposits
(“Knochenkies” (bone gravel)) related to this event are preserved in
the Emscher valley. In the Lower Rhine Embayment the
B€onninghardt push-moraine ridge was denudated by this lake-
Fig. 8. Palaeogeography of ice-dammed lakes during the ﬁrst ice advance of the older Saalian glaciation. Arrows indicate lake-drainage pathways. Stars indicate the sampling
locations for luminescence dating. A) Maximum ice-sheet extent. B, C) Early stages of the ice-margin retreat. The lakes in the west drained mainly via the Münsterland and Lower
Rhine Embayments, while the lakes in the east enlarged. D) Later stage of the retreat of the ice margin: the lakes in the west are completely drained, while the lakes in the east are
connected, forming a huge lake in the Halle-Leipzig area.
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grained ﬂood sediments derived from the Münsterland Embay-
ment (Klostermann, 1992; Winsemann et al., 2016). The Münster-
land, Weser and Leine Lakes drained completely when further ice-
margin retreat opened the river valleys towards the north (Fig. 8C
and D).
In the southern Subhercynian Basin in front of the Harz
Mountains an ice-margin retreat of 4e14 km from the maximum
extent led to the formation of a more extensive ice-dammed lake inthe southern Subhercynian Basin (Fig. 8B). The palaeo-ice margin is
deﬁned by a series of isolated push-moraine ridges and bodies of
ice-marginal meltwater deposits (Feldmann,1997; Reinecke, 2006).
These meltwater deposits are interpreted as glacilacustrine ice-
contact deltas and subaqueous fans (Reinecke, 2006), indicating a
lake level of ~190 m a.s.l. The ice-dammed lake in the Subhercynian
Basin covered an area of ~340 km2 and had a volume of ~8 km3. The
lake level in the Subhercynian Basin was controlled by the ice
margin resting against a Mesozoic bedrock ridge. Passes in this
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these passes fan-shaped bodies of meltwater deposits occur at el-
evations between 180 and 130 m a.s.l. These deposits are inter-
preted as representing deposition from meltwater overspilling
from the lake and thereby incising the passes. The meltwater
subsequently drained via the Innerste valley towards the Leine
valley. However, the age control on the glacigenic deposits in the
Subhercynian Basin is very limited and a deposition of at least some
of the glacilacustrine deltas and subaqueous fans during the sub-
sequent ice advance cannot be excluded. Based on the geo-
morphology it is likely that ice-dammed lakes of similar extents
formed during both ice advances.
4.1.4.2. Eastern part of the study area (Halle-Leipzig area and Elbe
valley). An initial ice-sheet retreat of 4e25 km from the maximum
extent allowed for a connection of ice-dammed lakes from the
Thuringian Basin and River Unstrut valley and river valleys of the
Saale, Elster, Pleibe and Mulde in the Halle-Leipzig area (“Halle-
Leipzig Lake”; Fig. 8B and C). This ice-dammed lake probably
evolved contemporaneously with the lake in the southern Sub-
hercynian Basin, based on the reconstructed palaeo-ice margin
(Meng andWansa, 2008). The palaeo-ice margin is characterised by
relatively continuous push- and dump-moraine ridges (Grahmann,
1925; Eissmann, 1975; Meng and Wansa, 2008). The Halle-Leipzig
Lake during this stage of the ice-sheet retreat had an area of
~3326 km2 and a volume of ~117 km3. Towards the northwest the
ice margin still rested against the easternmost parts of the Harz
Mountains (Meng and Wansa, 2008), where maximum elevations
of up to 250 m a.s.l. prevented the drainage of the lake.
Ongoing ice-sheet retreat allowed for the connection of the ice-
dammed lakes in central Germany to form the vast Halle-Leipzig
Lake (Fig. 8D), stretching from the Halle-Leipzig area and the
Thuringian Basin to the Elbe valley. Deposits of the Halle-Leipzig
Lake comprise widespread ﬁne-grained glacilacustrine deposits,
occurring at elevations between 79 and 155 m a.s.l. (Table 2). Based
on the elevation of the potential spillways a lake level of 160 m a.s.l.
is reconstructed, corresponding to an area of 6245 km2 and a vol-
ume of 224 km3.
Potential overspill channels of the Halle-Leipzig Lake have ele-
vations of 150e178 m a.s.l. These overspill channels are incised into
a WNW-ESE trending ridge of Palaeozoic bedrock north of Halle.
Today, the bedrock ridge is dissected by the V-shaped gorge of the
River Saale, which is incised by as much as 100 m to a depth of
~60 m a.s.l. (Wansa, 1997). Reconstructions of the evolution of the
drainage network in this area suggest that this gorge developed
during the Middle Pleistocene glaciations. While prior to the gla-
ciations all river courses ran east of the bedrock ridge, the courses
of the River Saale and its tributaries were redirected through the
bedrock gorge (Schulz, 1962; Knoth, 1964; Ruske, 1963, 1973;
Eissmann, 1975, 1997; Wansa, 1997). We suggest that the gorge
was initially incised by ﬂows overspilling from Elsterian ice-
dammed lakes. The opening of the gorge during ice-sheet retreat
probably led to sudden lake drainage and caused a lake-outburst
ﬂood. The lake-outburst ﬂood initially followed the ice margin to-
wards the northwest and was then deﬂected towards the west by
higher terrain. We suggest that the lake-outburst ﬂood was
responsible for the formation of the Grobe Bruch, an east-west
trending, 40 km long and 2e3 km wide channel, which is incised
up to 50 m deep into Mesozoic bedrock, Palaeogene deposits and
Pleistocene deposits (cf., Feldmann et al., 1997). The Grobe Bruch
was previously interpreted as a subglacial tunnel valley, which
formed during the maximum Saalian ice advance (Feldmann et al.,
1997), or as an ice-marginal valley (“Urstromtal”), which formed
during the retreat of the Saalian ice sheet (Woldstedt, 1950; Ruske,
1973; Ehlers et al., 2011). However, the geometry, width-to-depthratio and orientation parallel to the palaeo-ice margin are rather
untypical for a subglacial tunnel valley (cf., Kristensen et al., 2007;
Kehew et al., 2012; Lang et al., 2012; Van der Vegt et al., 2012), but
match the straight, trench-like valleys incised by glacial lake-
outburst ﬂoods (cf., Baker, 1973; Carling et al., 2009a, b; Meinsen
et al., 2011; Curry et al., 2014). However, the reactivation of an
inherited older erosional feature by a lake-outburst ﬂood cannot be
excluded. At the western end of the Grobe Bruch the ﬂood waters
turned north, following the valley of the River Oker before
spreading-out into the North German Lowlands. Erosional and
depositional landforms, as isolated steep-walled incisions into
bedrock and terminal fans occurring at the widening of narrow
river valleys, are widespread in the assumed ﬂood pathway and the
former lake basin and are interpreted as related to the catastrophic
lake drainage (cf., O'Connor, 1993; Baker, 2009; Winsemann et al.,
2016).
4.2. Second older Saalian ice advance
4.2.1. Ice-ﬂow directions and till provenance
The second ice advance into the study area commonly remained
15e25 km behind the maximum ice-sheet extent of the ﬁrst older
Saalian ice advance. The ice sheet extended into the western
Netherlands, the Lower Rhine Embayment and the Münsterland
Embayment, the valleys of Rivers Weser and Leine, the northern
margin of the Harz Mountains, the Halle-Leipzig lowland area and
the valley of River Elbe (Fig. 6B). The main ice-ﬂow direction was
from the northeast towards the southwest (Eissmann, 1975, 2002;
Zandstra, 1987; Ehlers, 1990; Skupin et al., 1993, 2003). Till-
provenance analyses show that the larger part of clasts is derived
from southern Sweden (<50%) with a high proportion (>20%) of
clasts from central Sweden (Zandstra, 1987; Skupin et al., 1993,
2003; Hoffmann and Meyer, 1997; Speetzen and Zandstra, 2009).
Mega-scale glacial lineations related to the second ice advance in
northwestern Germany and the Netherlands trend northeast to
southwest (Fig. 7). This second Saalian ice advance probably cor-
responds to the ﬁrst ice advance of the Leipzig phase in eastern
Germany (Eissmann, 1975, 2002) and the second ice advance of the
Drenthe advance (Freden Phase) in western Germany (Lüttig, 1954;
Skupin et al., 2003).
4.2.2. Numerical ages
Luminescence ages from locations attributed to the second older
Saalian ice advance suggest a correlation with MIS 6. Samples yield
ages of 157 ± 16 ka for the Markendorf glaciﬂuvial delta and
171 ± 21 to 156 ± 24 ka for the Emme glaciﬂuvial delta at the
northern margin of the Weser Lake (Table 4). Expansion-bar de-
posits in the upperWeser valley, which relate to the drainage of the
Weser Lake, have ages of 153 ± 7 and 139 ± 8 ka (Winsemann et al.,
2016). For the upper Freden glaciﬂuvial delta (Leine Lake) lumi-
nescence ages range from 196 ± 19 to 161 ± 10 ka (Roskosch et al.,
2015). In the eastern part of the study area samples yielded ages of
175 ± 10 ka for the Karsdorf glaciﬂuvial delta in the Unstrut valley
and 173 ± 19 ka for the Grobsteinberg glaciﬂuvial delta southeast of
Leipzig. The presented new age estimates are based on the median
De-values except for sample Fe-2-16 from the Emme glaciﬂuvial
delta, for which the Minimum Age Model was applied (Table 4).
Lower age limits for the second ice advance are provided by
glacitectonically deformed ﬂuvial deposits of River Leine at Ahr-
bergen (192 ± 13 ka; Winsemann et al., 2015) and the Rhine-Maas
system near Utrecht in the central Netherlands (168 ± 19 ka;
Busschers et al., 2008). A younger ﬂuvial unit from the central
Netherlands, which was deposited south of the ice margin, yielded
ages of 149 ± 13 to 137 ± 11 ka and is interpreted to pass laterally
into glaciﬂuvial deposits (Busschers et al., 2008). A further lower
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valley, where an organic-rich palustrine and lacustrine succession
is overlain by thin glacilacustrine deposits (Winsemann et al.,
2015). 230Th/U dating yielded ages of the organic-rich succession
ranging from 227 þ 9/-8 to 177 ± 8 ka (Waas et al., 2011).
4.2.3. Formation of ice-dammed lakes during the maximum ice
extent
4.2.3.1. Western part of the study area (Münsterland Embayment,
Weser and Leine valleys). The lake extent in the Münsterland
Embayment during the maximum ice advance is poorly con-
strained by glacilacustrine deposits. Overspills into the Emscher
valley have elevations of ~70m a.s.l., indicating a lake level of ~70m
a.s.l. in the southern Münsterland Embayment. In the eastern
Münsterland Embayment a maximum lake level of ~170 m a.s.l. is
indicated by a potential overspill pass. In the Teutoburger Wald
Mountains the ice advance closed the overspill channels at eleva-
tions of 135 m a.s.l. (cf., Winsemann et al., 2011a) (Fig. 9A). Glaci-
ﬂuvial delta deposits were deposited at Markendorf at elevations of
up to 135 m a.s.l. and at the Emme at elevations of up to 165 m a.s.l.
The succession at Markendorf was subsequently transgressed by
the ice as indicated by glacitectonic deformation and an overlying
basal till (cf., Skupin et al., 1993, 2003; Speetzen and Wixforth,
2002). Coarse-grained lake-outburst ﬂood deposits in the Weser
valley point to a lake level of at least 170e180 m (Winsemann et al.,
2016). In the Leine valley the ice margin reached approximately the
same maximum extent as during the previous ice advance. Glaci-
ﬂuvial delta deposits at Freden indicate a lake level of at least 180m
a.s.l. (Fig. 9A).
4.2.3.2. Eastern part of the study area (Halle-Leipzig area). In the
eastern part of the study area ice-dammed lakes formed during the
ice-sheet advance when the ice margin blocked the northwards
directed drainage pathways at elevations of 178 to 150 m a.s.l. Fine-
grained lake-bottom deposits, locally known as Bruckdorf clay,Fig. 9. Palaeogeography of ice-dammed lakes during the second ice advance of the older S
locations for luminescence dating. A) Maximum ice-sheet extent. B) Early stage of the ice-ma
Embayments, while the lakes in the east remain largely unaffected. The conﬁguration duringcommonly underlie the basal till of the Leipzig phase or occur
within the river valleys south of the maximum ice margin and have
elevations between 105 and 160 m a.s.l. (Table 2; Eissmann, 1975,
2002). The glaciﬂuvial delta deposits near Grobsteinberg have an
elevation of 155 m a.s.l. This indicates a lake level of ~160 m a.s.l.
(Fig. 9A), corresponding to the formation of a lake with an area of
~2235 km2 and a volume of ~50 km3.
4.2.4. Ice-sheet retreat and lake drainage
4.2.4.1. Western part of the study area (Münsterland Embayment,
Weser and Leine valleys). The retreat of the ice margin and opening
of lake-overspill channels in the Teutoburger Wald Mountains
again led to glacial lake-outburst ﬂoods, which spilled from the
Weser Lake into the Münsterland Embayment (Fig. 9B), causing a
lake-level fall of the Weser Lake to ~135 m a.s.l. (Meinsen et al.,
2011; Winsemann et al., 2011a). Plunge pools, deep channels and
streamlined hills were formed in front of the overspills and indicate
that the outburst ﬂood entered a shallow lake (Meinsen et al.,
2011). The ﬂood-related erosional features truncate the underly-
ing till (Meinsen et al., 2011), indicating a formation after the sec-
ond older Saalian ice advance, which was the last ice advance to
reach this part of the Münsterland Embayment. Up to ~30 km3 of
water were temporarily stored in the northern Münsterland
Embayment (Winsemann et al., 2016). Further ice-margin retreat
led to the opening of the 95 m a.s.l. overspill channels in the Teu-
toburger Wald Mountains, releasing ~20 km3 of water into the
Münsterland Embayment. This outburst-ﬂood event probably
triggered the destabilisation of the ice lobe in the Münsterland
Embayment and the opening of an outlet at 60 m a.s.l., leading to a
complete drainage of the Münsterland Lake via the Lippe valley
(Meinsen et al., 2011; Winsemann et al., 2016). Field evidence for
this outburst ﬂood is provided by large and deep scours at the
mouth of the Lippe valley (Winsemann et al., 2016).
4.2.4.2. Eastern part of the study area (Halle-Leipzig area). Theaalian glaciation. Arrows indicate lake-drainage pathways. Stars indicate the sampling
rgin retreat: the lakes in the west drained mainly via the Münsterland and Lower Rhine
the later ice-margin retreat was probably similar to the ﬁrst older Saalian ice advance.
J. Lang et al. / Quaternary Science Reviews 180 (2018) 240e259254retreat of the ice margin led to an increase in area and probably a
shallowing of the lake. The drainage of the water stored in the lake
was controlled by the ice-damming of the bedrock valley of the
River Saale at elevations between 178 and 150 m a.s.l. (Fig. 9B). The
opening of this bedrock valley allowed for the drainage of the lake
through the Subhercynian Basin towards the northwest. The
complete drainage of the Halle-Leipzig Lake would require largely
ice-free conditions in the Subhercynian Basin. Due to a lack of data
it is not clear if the ice-dammed lake (partly) drained at this stage or
if it persisted until the third older Saalian ice advance. However, the
drainage pathways towards the west were most likely still blocked
by the large ice mass.
4.3. Ice streaming and minor re-advances at the end of the older
Saalian glaciation
The latest stage of the older Saalian glaciation in the study area
is characterised by ice streaming and/or locally restricted advances
of the ice margin. In the Lower Rhine Embayment and at the
southern margin of the Münsterland Embayment the maximum
southwards extent of the ice margin was attained during this stage
(Fig. 6C; Skupin et al., 1993; Skupin and Zandstra, 2010). The ice
advanced in a narrow (~50 km) zone from the north-northwest
towards the south to south-southeast and is referred to as the
Hondsrug ice stream (van den Berg and Beets, 1987; Passchier et al.,
2010). Till-provenance analyses show a clear dominance (>50%) of
clasts derived from eastern Fennoscandia (Zandstra, 1987; Skupin
et al., 1993, 2003; Speetzen and Zandstra, 2009; Skupin and
Zandstra, 2010). West of the River Rhine the advance of the Hon-
dsrug ice stream steepened push-moraine ridges (Klostermann,
1992; Skupin and Zandstra, 2010) and locally deposited till on top
of successions, which had previously been partly denudated by
glacial lake-outburst ﬂoods from theWeser and Münsterland Lakes
(Lang and Winsemann, 2013; Winsemann et al., 2016). Mega-scale
glacial lineations related to the Hondsrug ice stream in the north-
eastern Netherlands trend north-northwest to south-southeast,
spreading radially into the Lower Rhine and Münsterland Embay-
ments (Fig. 7). The splayed, lobate geometry of the margin of the
Hondsrug ice stream (Skupin et al., 1993) indicates a termination on
dry land, probably triggered by the previous catastrophic lake-
drainage events (Meinsen et al., 2011; Winsemann et al., 2011a,b).
In the eastern part of the study area, the third Saalian ice
advance probably corresponds to the second ice advance of the
Leipzig phase and represents a minor re-advance, terminating in
the Halle-Leipzig area (Fig. 6C; Eissmann, 1975, 2002). The ice-ﬂow
direction was towards the southwest and clasts have an eastern
Fennoscandian to Baltic provenance (Eissmann, 1975). The re-
advance of the ice sheet in the Halle-Leipzig area may have led to
a new increase in lake level or to the renewed formation of an ice-
dammed lake. Fine-grained lake-bottom deposits, locally known as
Breitenfeld clay (Table 2), occur at elevations of 120e135 m a.s.l.
(Eissmann, 1975). The formation of this lake was again controlled
by the blocking of the bedrock valley of the River Saale.
4.4. Ice advances of the middle and younger Saalian (Warthe)
glaciations
The middle and younger Saalian (Warthe) ice advances reached
only the northeastern margin of the study area (Fig. 1; Ehlers and
Stephan, 1983; Meyer, 2005; Ehlers et al., 2011). Luminescence
ages of meltwater deposits range from 155 ± 21 to 130 ± 17 ka
(Lüthgens et al., 2010; Kenzler et al., 2017). The ice advance direc-
tion was mainly towards the southwest and west-southwest
(Ehlers and Stephan, 1983; Ehlers et al., 2011). The tills of the
middle Saalian Warthe ice advance are rich in ﬂint and Cretaceoussedimentary rocks, while tills of the younger Saalian Warthe ice
advance are rich in clasts from eastern Fennoscandia (Meyer, 2005).
5. Discussion
5.1. Reliability of luminescence ages
An increasing number of luminescence ages for Middle Pleis-
tocene successions have recently been published and the robust-
ness of the chronologies for these deposits has greatly increased.
However, there are several factors, whichmight lead to an age over-
or underestimation. Age underestimation may be caused by
anomalous fading or a natural signal close to saturation (Huntley
and Lamothe, 2001; Buylaert et al., 2012; Roskosch et al., 2015;
Winsemann et al., 2015). The results of our fading measurements
highlight the very high signal stability of the pIRIR290 signal.
Therefore, a high signal stability and only negligible fading can be
assumed for the pIRIR290 signal.
Of more serious concern is age overestimation, which may be
caused by insufﬁcient bleaching. Insufﬁcient bleaching may either
affect the sediment itself or relate to the mixing with older material
and is dependent on the depositional environment (Frechen et al.,
2004; Fuchs and Owen, 2008). The obtained De-distributions
(Fig. 5) suggest that insufﬁcient bleaching has to be considered
for the studied samples. However, for most samples dose residuals
might have no signiﬁcant impact on the natural De-values. Never-
theless, the ages presented here, which are based on the median
De-values, should be regarded as maximum ages.
Glaciﬂuvial deltas offer fair to medium conditions for the
bleaching of sediments (Fuchs and Owen, 2008; Roskosch et al.,
2015), depending on the ﬂow conditions and extent of the sub-
aerial delta plain. The sample from the sand-rich lower Freden delta
(Roskosch et al., 2015) and Karsdorf delta have the lowest over-
dispersion values, which probably relates to a former extensive
subaerial delta plain in a lower energy setting. Higher over-
dispersion values in other coarser-grained delta systems may pri-
marily relate to higher ﬂow energies and frequent re-working,
leading to less suitable bleaching conditions.
The age estimates for those localities, where several samples
were taken, are in good agreement (Table 4), indicating that age
estimates can be regarded as reliable. Furthermore, our newly ob-
tained results are in line with previous age estimates from other
ice-marginal and ﬂuvial deposits in the study area (Buschers et al.,
2008; Roskosch et al., 2015; Winsemann et al., 2015, 2016).
5.2. Timing and regional correlation of the older Saalian ice
advances
The regional correlation between the different older Saalian ice
advances in northern central Europe has long remained ambiguous,
especially due to the sparseness of numerical ages, and various
correlations were proposed. In general, it is assumed that all Saalian
ice advances, including the older, middle and younger Saalian ice
advances, occurred during a single glaciation, because no inter-
glacial deposits have been found (Caspers et al., 1995; Eissmann,
2002; Litt et al., 2007; Ehlers et al., 2011). An increasing number
of new numerical ages, determined by more advanced and reliable
luminescence methods (cf., Busschers et al., 2008; Kars et al., 2012;
Roskosch et al., 2015;Winsemann et al., 2015), in combinationwith
the re-evaluation of the data on ice-advance directions and clast
provenance provide a detailed view on the Saalian glaciation.
Our reconstructions show that the two older Saalian ice ad-
vances reached approximately similar maximum extents, although
the main ice-advance directions and source areas differed (Fig. 6).
The ﬁrst ice advance was characterised by an advance from the
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southern Sweden, while the second ice advance is characterised by
an advance from the northeast towards the southwest and clasts
are mainly derived from southern and central Sweden (Fig. 6A and
B; Eissmann,1975, 2002; Zandstra, 1987; Ehlers, 1990; Skupin et al.,
1993, 2003; Ehlers et al., 2011). The two older Saalian ice advances
and their deposits can thus in most locations be distinguished.
The most extensive ice advances of the Saalian glaciation have
so far been correlated with MIS 6 (Lambeck et al., 2006; Litt et al.,
2007; Busschers et al., 2008; Ehlers et al., 2011). Numerical ages,
which indicate the correlation of the Saalian ice advances with MIS
6, were presented by Krbetschek and Stolz (1994), Preusser (1999),
Busschers et al. (2008), Krbetschek et al. (2008), Roskosch et al.
(2015) and Winsemann et al. (2015, 2016). Our new luminescence
ages of Saalian ice-marginal deposits range from 175 ± 10 to
156 ± 24 ka and correlate with MIS 6. All new luminescence ages
are from sites, which are attributed to the second older Saalian ice
advance (Fig. 6B).
In addition to the widely accepted correlation of the Saalian
glaciation with MIS 6, there is widespread evidence of an extensive
advance of the Fennoscandian ice sheet during MIS 8 from the
southern North Sea and the Netherlands (Beets et al., 2005; Meijer
and Cleveringa, 2009; Laban and van der Meer, 2011), Denmark
(Houmark-Nielsen, 2011), Germany (Kars et al., 2012; Roskosch
et al., 2015) and southern Poland (Hall and Migon, 2010; Lindner
and Marks, 2008; Marks, 2011; Marks et al., 2016). Numerical
ages supporting such an early Saalian glaciation range from ~290 to
241 ± 27 ka (Beets et al., 2005; Kars et al., 2012; Roskosch et al.,
2015). Therefore, it seems possible that the ﬁrst older Saalian ice
advance may be older than previously thought and occurred during
MIS 8.
Some regional studies provide indications for a longer time span
between the ﬁrst and second older Saalian ice advances. In the
Lower Rhine Embayment, the B€onninghardt push-moraine ridge of
the ﬁrst older Saalian ice advance is denudated (Klostermann,1992)
and overlain by different generations of outburst-ﬂood deposits
(Winsemann et al., 2016), relating to the different lake-outburst
ﬂoods. From the Weser and Leine valleys, Lüttig (1960) described
weathering, erosion and soil formation affecting the lower till of the
older Saalian glaciation (Alfeld phase). In the eastern part of the
study area, a hiatus between the ﬁrst (Zeitz) and second (Leipzig)
Saalian till and lake-bottom sediments is widespread and charac-
terised by a horizon of erosion and cryoturbation (Eissmann, 1975,
2002; Junge et al., 1999). Locally, this phase was also accompanied
by ﬂuvial deposition (Eissmann, 1975, 2002; Eissmann and Müller,
1994).
5.3. Impact of ice-dammed lakes on ice-margin stability
Proglacial lakes can exert an important control on ice-sheet
dynamics and may cause a partial decoupling from climate trends
(Stokes and Clark, 2004; Winsborrow et al., 2010; Carrivick and
Tweed, 2013; Perkins and Brennand, 2015; Sejrup et al., 2016). In
a steep river valley the presence of a deep lake may prevent any
farther advance of ice lobes into the valley and thus constrain the
ice margin to the same maximum position during multiple ice
advances (Winsemann et al., 2011b; Roskosch et al., 2015). Calving
losses at an ice margin in contact with a proglacial lake and an
increase in the subglacial water pressure accelerate the ice ﬂow,
which lowers the ice-surface proﬁle and may trigger ice streaming
(Stokes and Clark, 2004). Rapid ice movement is also favoured by a
low permeability substratum, as ﬁne-grained lake-bottom deposits,
which allow for meltwater pressure to build-up, ice-bed decou-
pling and enhanced basal sliding (Hoffmann and Piotrowski, 2001).
The formation of the Hondsrug ice stream in the Netherlands andnorthwest Germany, which was the last ice advance to reach the
western part of the study area (Figs. 6C and 7; cf., van den Berg and
Beets, 1987; Skupin et al., 1993; Passchier et al., 2010), was probably
initiated by lake drainage and associated enhanced ice draw-down
in the Münsterland and Lower Rhine Embayments (Meinsen et al.,
2011;Winsemann et al., 2011b). The ﬂow direction of the Hondsrug
ice streamwas probably controlled by the presence of a stagnant ice
lobe further west, the lithology of the substratum and a zone of
increased geothermal heat ﬂow in the southern North Sea and the
eastern Netherlands (van den Berg and Beets, 1987; Bregman and
Smit, 2012; Cohen et al., 2017).
5.4. Evolution of the major meltwater-drainage pathways
The analysis of the distribution of glacilacustrine deposits and
lake spillways clearly indicates the presence of extensive and deep
ice-dammed lakes. The lake levels ranged from 350 to 180 m a.s.l.
during the maximum extent and 190 to 70 m a.s.l. during the
retreat of the Saalian ice sheets (Figs. 8 and 9). Lakes attained
maximum depths of up to ~150 m. Lake overspill channels, con-
necting the individual lakes, allowed for an interaction of the lake
levels. The retreat of the ice margin caused the successive drainage
of the lakes.
The drainage of the meltwater along the southwestern margin
of the Middle Pleistocene Saalian ice sheets (Fig. 10) was controlled
by the proglacial lakes dammed in river valleys and lowland areas
from the Münsterland Embayment in the west to the drainage
divide between the Atlantic and the Black Sea in eastern Poland
(Carpathians). The location and extent of these lakes depended on
local topography and the presence of ice dams, while the ﬁnal
drainage of the stored meltwater also depended on the ice dams
blocking the drainage towards the west. Our reconstruction in-
dicates the existence of connections between the different lakes via
overspill channels, leading to an interaction between the lake levels
in the individual lakes. The restoration of the drainage routes to-
wards the west and northwest required the successive opening of
all ice dams and the drainage of the proglacial lakes. Major drainage
pathways are characterised by trench-like valleys, which are up to
3 km wide and 50 m deep (e.g., Großes Bruch).
The drainage of the Fennoscandian ice sheets is also recorded in
deep marine deposits in the Atlantic, which was connected to the
drainage system of the ice sheets via the English Channel palaeo-
river system (Fig. 10) during sea-level lowstand (Gupta et al.,
2007, 2017; Toucanne et al., 2009a, b; Collier et al., 2015). The
discharge was very high at ~455 ka (MIS 12), ~160-150 ka (MIS 6)
and ~25-15 ka (MIS 2), while less intense discharge events occurred
at ~345-335 ka (MIS 10), ~275-265 ka (MIS 8; Toucanne et al.,
2009a, b). The discharge of the English Channel palaeo-river was
probably controlled by the coalescence of the Fennoscandian and
the British Islands ice sheets in the northern North Sea, preventing
the northwards drainage of meltwater via the North Sea into the
North Atlantic (Toucanne et al., 2009a, b). The coalescence of the
Saalian ice sheets caused the formation of an extensive ice-
dammed lake in the southern North Sea basin (Fig. 10). The depo-
sitional record of the Saalian North Sea Lake comprises ﬁne-grained
glacilacustrine deposits and delta-topset deposits related to the
Rhine-Meuse system (“Unit S4”; Busschers et al., 2008).
The initial opening of the English Channel and the initiation of
the palaeo-river system was probably triggered by a glacial lake-
outburst ﬂood from the North Sea Lake during MIS 12 (Gibbard,
2007; Gupta et al., 2007, 2017; Toucanne et al., 2009a, b; Collier
et al., 2015). Lower discharges may indicate that no coalescence
of the Fennoscandian and the British Islands ice sheets existed
during MIS10 andMIS 8 and the main meltwater drainage occurred
via the northern North Sea (Toucanne et al., 2009a, b). The extent of
Fig. 10. Palaeogeography and large-scale drainage pattern during the second older Saalian ice advance, representing the maximum ice-sheet extent in the west. The extend of the
North Sea Lake is modiﬁed from Busschers et al. (2008) and Cohen et al. (2017).
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during the subsequent MIS 6 ice advance (Fig. 6A and B). New re-
constructions of the ice margin in the southern North Sea suggest a
connection of ice lobes between eastern England, the southern
North Sea and the Netherlands (Graham et al., 2011; White et al.,
2017). Therefore, the Saalian North Sea Lake was probably able to
store larger volumes of meltwater, which largely drained towards
the north during deglaciation. The phase of palaeo-river activity at
~275-265 ka may correlate with an earlier Saalian ice advance in
northern central Europe during MIS 8. However, a correlation with
MIS 8 must be supported by additional numerical dates from gla-
cigenic deposits.
Two distinct phases of palaeo-river activity are recorded for MIS
6, the ﬁrst phase occurring around 170 to 160 ka and the second,
more intense phase around 150 ka (Penaud et al., 2009). These two
phases may correspond to the second ice-sheet advance duringMIS
6 and the following phase of ice decay, subsequent re-advance and
ice streaming (third ice advance). Large volumes of meltwater were
probably only released during the onset of the ﬁnal deglaciation
(Penaud et al., 2009; Toucanne et al., 2009b). During the subse-
quent Warthe ice advances the discharge was low, because lesser
ice-sheet extents allowed for the meltwater to drain northwards
via the northern North Sea into the Atlantic (Toucanne et al., 2009a,
b).
6. Conclusions
We present a comprehensive palaeogeographic reconstruction
for the Middle Pleistocene older Saalian glaciation and related
proglacial lakes in northern central Europe. The reconstruction is
based on the integration of geomorphologic features, facies anal-
ysis, till provenance, ice-ﬂow direction and numerical ages. Our
results indicate twomajor ice advances, which reached very similarmaximum extents but differ in the main ice-advance directions and
till provenance.
The ﬁrst older Saalian ice advance was characterised by an ice
advance from the north towards the south and a dominance of
clasts derived from southern Sweden. Luminescence ages for this
ﬁrst older Saalian ice advance are sparse, but may point to an ice
advance during MIS 8 or early MIS 6 (e.g., Beets et al., 2005; Kars
et al., 2012; Roskosch et al., 2015).
The second older Saalian ice advance was initially characterised
by an ice advance from the northeast towards the southwest. Clasts
are mainly derived from southern and central Sweden. New lumi-
nescence ages from ice-marginal deposits of this second older
Saalian ice advance range from 175 ± 10 to 156 ± 24 ka. The latest
stage of the older Saalian ice advance in the study area (third ice
advance) was characterised by ice streaming (Hondsrug ice stream)
in the west and a re-advance in the east. Clasts of this stage are
mainly derived from eastern Fennoscandia.
The advancing ice sheets repeatedly blocked northwards
directed drainage pathways and led to the formation of extensive
ice-dammed lakes, storing up to 265 km3 of water in four larger and
several smaller lakes during the maximum ice-sheet extent.
Because the formation of lakes was mainly controlled by ice-
damming at bedrock spillways, the lake levels and extends were
probably very similar throughout the repeated ice advances. The
retreat of the ice margin changed the lake conﬁguration and
opened lake overspills, leading to a successive drainage of the lakes.
Catastrophic lake-drainage events occurred when large overspills
were suddenly opened.
The middle and younger Saalian (Warthe) ice advances, which
occurred at 155 ± 21 to 130 ± 17 ka (Lüthgens et al., 2010; Kenzler
et al., 2017), reached only the northeastern margin of the study
area. The ice advance direction was mainly towards the southwest
and west-southwest (Ehlers et al., 2011). The tills of the middle
J. Lang et al. / Quaternary Science Reviews 180 (2018) 240e259 257Saalian Warthe ice advance are rich in ﬂint and Cretaceous sedi-
mentary rocks, while tills of the younger Saalian Warthe ice
advance are rich in clasts from eastern Fennoscandia (Meyer, 2005).
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